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Abstract 
Cryoelectron microscopy allows the observation of 
hydrated samples at high spatial resolution, and it would 
be of great interest in biology to apply this method to 
cells and tissues. However, because of technical prob-
lems, the cryo-observation of frozen hydrated ultrathin 
sections of bulk material has not become an established 
method. The major limitations are due to the difficulty 
of achieving the vitrification of such material, and the 
structural deformation caused by ultrathin sectioning: 1. 
The vitrification of cells in a physiological environment 
requires high-pressure freezing. However, new results 
suggest that the pressure may alter the ultrastructure of 
the sample. 2. Cryosectioning compresses structures in 
the cutting direction about 40 % . This deformation does 
not necessarily destroy the character of macromolecular 
assemblies, but since it depends on the properties of the 
material, internal standards cannot be used to correct for 
the deformation of all the structures in a cell. 
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Biological specimens are not well suited to electron 
microscopy at room temperature. One major restriction 
is the vacuum in the microscope column, which does not 
allow to observe water at room temperature. For this 
reason, biological specimens are usually observed as dry 
artifacts. Operating the microscope at temperatures 
below 170 K, when water is stable in the vacuum, does 
not improve the situation. When water crystallizes to 
ice, the biological matrix separates as a dry network. 
However, if the cooling is quick enough, water is 
prevented from transforming into the crystalline solid, 
and if this highly viscous vitreous state is reached, the 
fully hydrated ultrastructure of the biological samples 
can be studied by cryoelectron microscopy (Dubochet 
and McDowall, 1981). 
Cryofixation is much quicker than chemical fixation, 
ion-gradients are not washed out, the antigenicity of 
epitopes is not altered due to reactions with chemical 
fixatives, and no external mass is added as it is with the 
chemical crosslinkers. For these reasons, cryofixation is 
also employed in other electron microscopy techniques 
that end up with a dry specimen, e.g., freeze-substitu-
tion and freeze-drying. Since high-resolution structural 
preservation is sacrificed by dehydration, vitrification is 
not the necessary aim with these techniques: Cryo-
fixation is satisfactory as long as displacements of the 
organic matter due to ice-crystal growth are beyond the 
other resolution limits of the method. If, on the other 
hand, the structures are to be observed in the hydrated 
state, vitrification is a prerequisite. 
Cryoelectron microscopy of vitrified biological 
samples is well established for objects small enough to 
be observed directly without the need for ultrathin 
sectioning. These specimens are prepared as a thin layer 
of aqueous suspension of about 80 nm in thickness and 
1 µm in diameter spanned throughout the holes of a 
perforated carbon film. The thin layer is reproducibly 
vitrified by plunge-freezing of the grid into liquid ethane 
at 110 K (Adrian et al., 1984). Cryoelectron micro-
graphs reveal the fully hydrated structure of embedded 
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particles, e.g., viruses, and the image contrast corrected 
by the contrast-transfer function of the microscope can 
be interpreted as the native distribution of mass within 
the sample. An extensive review about the benefits of 
cryoelectron microscopy is given by Dubochet et al. 
(1988). 
The smallest in-vivo system in biology is the cell. It 
would be of great interest to be able to look inside a cell 
by cryoelectron microscopy. Many questions concerning 
the organization of chromatin in the nucleus, the com-
partmentalization of the cytoplasmic gel or the extension 
of membranes by associated matrix-proteins are waiting 
to be answered. As these structures depend upon hydra-
tion for their existence, they cannot be observed in a dry 
specimen. However, two technical requirements hinder 
the employment of cryoelectron microscopy for hydrated 
cells: (1) the vitrification of cells in their physiological 
environment requires costly equipment and is difficult to 
achieve, and (2) Ultrathin sectioning distorts the volume 
of the section. 
This article presents personal experiences with the 
cryofixation of cells and the interpretation of cutting 
artifacts in cryosections. 
Materials and Methods 
Plunge-freezing was performed with a KF80 (Rei-
chert-Jung, Vienna, Austria) using ethane at 95 K as a 
cryogen. In order to reduce the heat flow from the 
plunger to the cryogen, the plunge rod was modified. 
The end-fixation for the specimen pins was replaced by 
a yellow plastic disposable tip of the type normally used 
for laboratory micro-pipettes. The plunge depth was 
readjusted fixing a plastic tube of convenient length 
underneath the original stop-face of the iron plunge rod. 
Parafilm was wrapped around this plastic tube to pro-
hibit bouncing at the end of the plunge. As specimen 
carriers, small aluminum pins (purchased by a local 
electronics store), 0.65 mm in diameter and only 33 mg 
in weight were stuck in the small orifice of the yellow 
tip. 
For slam-freezing, the KF80 impact freezer was 
employed as described by the manual. High-pressure 
freezing was performed with a prototype freezer, kindly 
provided by M. Wohlwendt (Sennwald, Switzerland). 
Specimens were cut at 110 K with the Ultracut E 
ultramicrotome equipped with the FC4 cryochamber 
(Reichert-Jung). The nominal feed for sectioning was set 
to 60 nm. This number is rather approximate, since the 
cutting feed changes with thermal irregularities. Deter-
mined by the transmission in the electron microscope (9 
rnrad objective aperture, 190 nm mean free path for 
vitreous ice) the thickness of cryosections was generally 
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about 100 nm. In rare cases much thinner sections 
(down to 40 nm) could be studied. Sections were cut 
with cryodiamond knives (Diatome, Biel, Switzerland) 
of either 35 ° or 45 ° knife angle. The clearance angle 
was set to 3 °. The cutting stroke was performed manual-
ly, as slow as possible. An ion-spray (Static Line, 
Hauck, Biel, Switzerland) sometimes considerably 
improved the yield of flat sections. Its effect depends on 
the distance from the knife edge and seems to depend on 
the laboratory atmosphere. The proper distance (about 
25 mm) must be found by trial and error. For most of 
the work discussed here this ion spray was not yet 
available. 
Slam-frozen and high-pressure frozen samples were 
glued with a mixture of ethanol/propanol-2 (2:3) to the 
cutting support. This cryoglue is sticky at 130 K and 
becomes stiff below 115 K (Richter, 1994a). 
Cryosections were manipulated with an eyelash to 
transfer them from the knife edge onto a carbon coated 
600 mesh copper grid. The grids were held in place 
nearby the knife edge by a pair of special tweezers 
which are part of the tool box of the cryomicrotome. 
The piston used to press the sections onto the grid was 
also part of this toolbox. Until observation in the 
electron microscope, the loaded specimen grids were 
stored in small grid boxes (Gatan, Pleasanton, CA, 
USA) under liquid nitrogen. 
All the way from the cryofixation device to the 
electron microscope, the specimen should never be 
warmed up above 135 K. Transfers between cryo-
chambers were performed using small vessels to keep 
the samples covered by liquid nitrogen. In addition, care 
was taken that all tools coming in contact with the 
specimen were precooled. 
Cryo-observation took place in a CM12 electron 
microscope (Philips, Eindhoven, The Netherlands) at 80 
kV, using a Gatan 626 cold stage at 110 K. The micro-
scope was equipped with a double blade anticontamina-
tor (Marc Adrian, University of Lausanne, Switzerland). 
Specimens stayed clean for at least 2 h observation time. 
Images were registered at 17000x primary magnification 
on Kodak SO-163 film sheets (Eastman Kodak Co., 
Rochester, NY), exposed to a speed of 2 and developed 
in D-19 (Kodak) full strength for 12 min at 20°C. For 
low-dose imaging, the programmable low-dose device of 
the microscope was employed. The specimen area was 
exposed to 250 dnrn 2 for the registration of one micro-
graph. 
Vitrification of Bulk Specimens 
Ice-crystal formation involves two processes: 
germination and crystal-growth. Ice-crystal growth as an 
exothermic process will not cease on further cooling 
Electron microscopy of hydrated cryosections 
Figure 1: CVl culture cells, pelleted in culture medium and plunge-frozen into liquid ethane. The cryosection contains 
vitreous and crystalline frozen regions in close neighborhood. Vitreous areas (V) are optically denser than the crystalline 
frozen ones (H). The crystalline state is indicated by the nested arrangement of dark spots (Bragg reflections B) which 
represent fractures of the ice-crystal so oriented that they diffract the electron beam beyond the aperture of the 
microscope. Note that both states of water are sharply separated. The separation line is the cell membrane (m). S 
contamination by a small piece of a cryosection. Scale bar 10 Jtm. 
once it has started. Any vitrification protocol must 
therefore prevent the establishment of ice-crystal germs 
in the system. Ice-crystal germination is a stochastic 
process. Vitrification is easiest the smaller the volume of 
freezable bulk water, and the shorter the time required 
to pass the devitrification temperature (135 K for pure 
water). Vitrification depends, therefore, not only on the 
cooling method, but also on the sample size and the 
extend to which water is bound to other molecules. 
Biological macromolecules act as cryoprotectants, since 
they bind hydration water. In addition, eukaryotic cells 
are compartmentalized by lipid membranes which reduce 
the freezable volume accessible to a growing ice-crystal 
(Fig. 1). Despite the cryoprotective effect of biomole-
cules and the segmentation of the sample into a number 
of small compartments by membranes, vitrification of 
entire cells is not easily achieved. Two freezing methods 
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have proved to be most successful: plunge-freezing into 
liquid ethane and high-pressure freezing. 
Plunge freezing 
Plunge-freezing takes place at ambient pressure. The 
specimen is projected via a guillotine-like frame into the 
liquid coolant, e.g., propane or ethane, cooled in a bath 
of liquid nitrogen to close to the melting temperature of 
the respective coolant (McDowall et al., 1982). As long 
as the coolant moves around the specimen during the 
plunge, the heat transferred to it from the specimen is 
dissipated by convection. Cooling devices should there-
fore ensure that the sample moves relative to the cryo-
gen until it is completely frozen (Le et al., 1989; Ryan 
et al., 1992). The surfaces of small pieces of mouse 
liver or heart were vitrified reproducibly by plunge-
freezing into liquid ethane. However, the depth of the 
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Figure 2: High-pressure frozen n-hexadecene. n-Hexa-
decene is a liquid at ambient pressure and temperature. 
After high-pressure freezing it is a crystalline solid. The 
spacing of the crystal planes (arrows) visible in this 
micrograph measures 2.1 nm. It is not known if the 
transformation into the solid state is caused by the 
pressure or the cooling. Scale bar 100 nm. 
vitrification did not go beyond the first cell layer. The 
plunge-freezing of other test-specimens including 
cultured Ptk cells, Saccharomyces cerevisiae and 
Chlorella algae only exceptionally produced vitrified 
cells (Richter, 1992). 
The plunging method was compared with slam-
freezing onto a liquid nitrogen cooled copper block using 
mouse liver as a test specimen. One might expect 
improved cooling properties from this design since the 
heat-capacity and heat-conductivity of solids are much 
higher compared to liquids. However, in our hands, no 
vitrification was observed within the slam-frozen sam-
ples. One reason for the more effective cooling with the 
plunging device may be that the liquid coolant washes 
around the specimen, maintaining the highest possible 
temperature gradient at the specimen surface. The solid 
heat-sink, in contrast, warms up at the contact with the 
warm specimen. Furthermore, heat transfer is impaired 
by insulating oxidation layers, polishing residues, or 
contaminating ice on the cold mirror surface. In contrast 
to our experience, Shi et al. (1996) did succeed to 
vitrify the surface cell-layer of mouse liver by in-situ 
slam-freezing. Beside the possibility, that there are 
differences in the design of the slam freezers and in the 
protocol to use them, the tissues cannot be compared. In 
our experiment, the liver was dissected and small pieces 
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cut from inside the organ. These pieces of tissue consist-
ed mainly of epithelial hepatocytes which are big, 
isomorphous cells. The liver as an organ is covered by 
connective tissue consisting of elongated cells embedded 
in extensive extracellular matrix. This type of tissue 
might be vitrified more easily than the interior of the 
organ. 
If cells are to be studied "close to the native state" 
vitrification of a surface cell-layer alone is not accept-
able. Cells on the surface of a freshly prepared sample 
are not in a natural environment. They are subject to 
anemia, shortage of nutrients and water stress. There-
fore, structures observed in these cells cannot be regard-
ed as existing in a physiologically active state. As a 
consequence, cryoelectron microscopy of hydrated 
biological cells demands cooling methods that vitrify 
sample thickness spanning several layers of cells. 
Whatever cooling-device is used, cooling is limited 
at a certain disiance from the surface by heat-conduction 
through the specimen. Vitrification in deeper zones 
therefore requires conditions that reduce the probability 
for ice crystal formation. The administration of chemical 
cryoprotectants, e.g., sugars, salts, or dimethyl sulfoxide 
(DMSO), is not acceptable as long as the physiological 
integrity of the cells is to be preserved. An alternative 
method is that of cooling under high pressure. 
High-pressure freezing 
Since Ice I (the hexagonal ice that forms at ambient 
pressure) has a lower specific mass than liquid water it 
melts under the effect of hydrostatic pressure. Pressure 
induced melting is the underlying principle of ice-skating 
in winter. The melting point of water decreases with 
increasing pressure up to 2050 bar when conditions for 
the formation of high-density polymorphs of ice become 
favorable (Hobbs, 1974). At 2050 bar, the equilibrium 
melting point of water is depressed to 251 K and 
supercooling down to 183 K (Angell, 1982). 
High-pressure-freezing involves two steps (Moor, 
1987). After rapid establishment of the sample-pressure, 
cooling must take over before the sample is damaged by 
the high pressure. In commercialized high-pressure 
freezing machines, cooling is brought about by a jet of 
liquid nitrogen. Metal shields protect the sample against 
the impact of the jet and the turbulence which occurs 
when the specimen chamber is pressurized. In addition, 
the sample is embedded in hexadecene (Studer et al., 
1989). Hexadecene is supposed to solidify under pres-
sure, thus, transferring the pressure from the metal 
shields to the sample. These additional layers of material 
between the active heat sink (i.e., the nitrogen jet) and 
the sample reduce the cooling efficiency of the device. 
Nevertheless, vitrification depths of more than 100 nm 
in samples as different as collagen of growing bone 
Electron microscopy of hydrated cryosections 
Figure 3: Chlorella algae embedded in 20% gelatin, plunge frozen into liquid ethane. In contrast to the cryoprotected 
embedding matrix, the cells are not vitrified. Bragg-reflections (B) indicate the hexagonal frozen state (confirmed by 
electron diffraction, not shown). Note the elliptical deformation of the originally round cells. They are compressed 
parallel to the knife marks (pair of thick arrow heads). The thickness variations perpendicular to the knife marks 
represent the deformation lines (arrows). P: Chloroplast. Scale bar: 1 ,-tm. 
(Studer et al., 1995), liver tissue (Sartori et al., 1993), 
and apple leafs (Michel et al., 1991) can be achieved. 
Therefore, for the cryoelectron microscopy of bulk 
specimens, high-pressure freezing is the cooling method 
of choice. 
Whereas cells frozen under high pressure appear to 
be well preserved (Dahl and Staehelin, 1989), the impact 
of the pressure may influence the ultrastructure of 
certain macromolecular organizations (Fig. 2). Ding et 
al. (1992) noted a loss of order in microfilaments in 
leaves of Nicotiana tabacum. The reorganization of 
model systems after high-pressure freezing has been 
reported in recent articles by Meyer et al. (1996) and 
Leforestier et al. (1996). 
If the pressure is adjusted above 2050 bar, ice-
crystals formed by high-pressure-freezing are the high-
pressure morphologies lee 11 and lee Ill/IX (Richter, 
1994a,b). In contrast to Ice I, it has been observed, that 
electron beam irradiation transforms the crystalline lee 
11 or lee Ill/IX into a dense modification of vitreous 
water (Sartori et al., 1996). It cannot be expected that 
this transformation would involve the rehydration of the 
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organic phase which separated from the crystalline ice in 
eutectic concentration. Thus, the mere fact that the 
vitreous state is observed does not guarantee that biolog-
ical structures are still hydrated in the native state. 
Further investigation will be necessary to evaluate this 
aspect of the preservation of structure in high-pressure 
frozen samples. 
Cryo-Ultramicrotomy of Vitreous 
Biological Material 
The most positive that can be said about cryo-
sectioning is that the vitreous state permits ultrathin 
sectioning without pretreatment of the sample. Hutchin-
son et al. (1978) were probably the first to use the 
method for observing hydrated cryosections of vitrified 
biological bulk material. A comprehensive study of 
vitrified ultrathin cryosections has been reported by 
Chang et al. (1983). Cryosections are much more 
distorted by the cutting process as conventional plastic 
sections. For the interpretation of the micrographs the 
possibilities of structural deformation should be known. 
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KF 
' - ' C Figure 4: Schematic cross section through a cryosection in cutting direction. Cryosections have two different 
surfaces: The "knife face" (KF) is flat. In contrast, the 
relief of the former "block face" (BF) reflects the 
deformation lines as variations in section thickness (di). 
Structures of the samples visible on cryoelectron micro-
graphs are interpreted as projection views of the cut 
volume. It is not known whether the entire volume of 
the section contributes to the visible structural informa-
tion. It is possible that part of the section near the 
"knife-face" loses its internal structure due to the friction 
on the knife. Apart from the compression in the cutting 
direction (thick double-arrow, c), cryosectioning also 
causes the tilting of parts of the sections to various 
degrees (thin arrows; see Fig. 5). 
Sectioning and cryo-observation of bulk vitreous 
material 
Vitreous water is metastable and transforms via 
cubic into hexagonal ice when warmed above the 
devitrification temperature (135 K for pure water; 
Dubochet and McDowall, 1981). In aqueous solutions 
where the water is partly bound in hydration shells, the 
devitrification temperature is higher, e.g., 171 K for 
35 % of gelatin (Chang et al., 1983). Since biological 
systems are heterogeneous in nature, they should not be 
warmed above the devitrification temperature of pure 
water. The exothermic heat liberated by ice crystalliza-
tion in regions where the water is relatively free may 
also promote the growth of ice crystals in regions of 
higher organic concentration. Despite the fact that the 
vitreous state is thermodynamically metastable, vitreous 
samples can be safely stored in liquid nitrogen for at 
least one year. 
Cryo-ultramicrotomy requires an ultramicrotome 
equipped with a cryochamber where the temperatures of 
380 
the sample and the knife can be adjusted to below 135 
K. Clamping is not recommended for fixing the sample 
to the microtome arm, since the samples are too brittle 
and easily will break under the force necessary to secure 
them. The best way is to freeze the sample onto a 
support that can itself be attached to the microtome arm. 
Alternatively, a cryoglue can be used to fix the sample 
to the cutting support (Richter, 1994a). 
Cryosectioning is best performed with diamond 
knives in combination with an electron-spray device 
(Michel et al., 1992). Compression in the direction of 
cutting can be reduced by using low-angle knives. 
Richter (1994c) found that the deformation of lipid 
droplets in cryosectioned mouse hepatocytes into ellip-
soids amounts to a longitudinal compression of 30% 
when sections are cut at a cutting angle of 3 8 °. In 
contrast, compression reached 41 % using the standard 
45 ° -knife at a cutting angle of 48 °. These compression 
values explain the observation that the sections are 
usually thicker than the nominal cutting feed. 
Since there is no liquid which has the same surface-
tension at low-temperature as water does at room-
temperature, cryosections are cut with a dry knife. 
Lubrication of the cutting edge is replaced by an ion-
spray that charges the surface of the diamond so as to 
repel the cut sections and thus reduce friction. The ion 
spray often helps to obtain flat sections when without the 
spray the sections would roll up during cutting. Howev-
er, it could not be observed, that the use of the ion spray 
reduced the compression in the cutting direction. Ac-
cordingly, Shi et al. (1996) measured quite high com-
pression ( 40 to 50 % ) within their model system despite 
the use of a low-angle knife in combination with the ion-
spray. 
The sections laying on the back of the knife are 
lifted with an eyelash onto a carbon coated supporting 
grid. Care must be taken that the grid as well as the eye-
lash are both cooled to below the devitrification tempera-
ture. Measurement of the temperature of the eyelash or 
the grid will be difficult to be performed. However, a 
simple check can be done using ultrathin sections of the 
cryoglue mentioned above. The sections will stick to the 
eye-lash or melt on the grid when these latter are too 
warm. After charging the sections, the grid is placed on 
a polished metal surface in the cryochamber and the 
sections are pressed onto it with a polished metal-piston. 
The grid is much thicker than the sections, and therefore 
structures above the meshes are not damaged. Over the 
grid-bars the sections are brought into firm contact with 
the grid, which helps to reduce drift during observation 
in the electron microscope. Drift is a major problem for 
the registration of useful micro graphs with a convention-
al transmission electron microscope (CTEM). The 
reason for drift seems to be the accumulation of electric 
Electron microscopy of hydrated cryosections 
Figure 5: Cryosection of a catalase crystal. The micrograph shows part of one crystal spanning four deformation lines 
(a, b, c, d). Note that the crystal is seen in different views (arrows). Areas corresponding to one crystal plane are 
approximately delimited by the deformation lines: The crystal appears to be broken into pieces which are slightly tilted 
relative to one another by a deformation process that also produced the deformation lines. Arrowhead: knife mark; Scale 
bar 100 1,tm. 
charges on the section. Accordingly, a supporting carbon 
film further reduces the drift problem. 
Cryosections of vitreous samples are very sensitive 
to beam induced damage. Electron doses above 1000 
e/nm 2 cause bubbling of the organic phase embedded in 
vitreous water. For this reason, the micrographs must be 
taken under low-dose conditions. In practice, the grid is 
searched for thin and flat sections at low magnification 
(400x) and lowest beam intensity acceptable for the 
search. Thus the electron dose deposited on the sample 
for the search can be kept below 10 e·/nm2 • Care must 
be taken, not to hit the anticontarninator with the spread 
electron beam. Reduction of beam-intensity should 
therefore be controlled by the spot size (condenser 1). 
After adjustment of the microscope, the section is 
scanned micrograph by micrograph focusing in direct 
neighborhood of the region from which the micrograph 
is taken. Thus, structural details are not screened on the 
cryosection, but on the micrograph negatives. 
Contamination with ice is another technical problem 
in cryoelectron microscopy. Two forms of contamination 
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occur: (1) Condensation of atmospheric humidity which 
falls as hexagonal ice onto the cold specimen, and (2) 
layers of vitreous water which arise from water mole-
cules in the vacuum which condense on the cold speci-
men in the electron microscope. The deposition of snow 
can be controlled by quick operation, and by taking care 
to prevent turbulence of the air at the interface between 
the cryochambers and the laboratory atmosphere. Conta-
mination within the microscope can be reduced ensuring 
that the microscope vacuum is free from water. In 
practice, the use of a fork-type cryopump (Homo et al., 
1984) has been found necessary. This anti-contaminating 
device shields the specimen from the upper and lower 
parts of the column by two cooled metal-plates. Holes in 
the middle of the plates leave a small unprotected solid 
angle (70 mrad) for the transmitting electron beam. The 
efficiency of the anti-contaminator should be checked by 
using a clean carbon-coated grid as a test specimen. It is 
transferred on a cryostage into the electron microscope 
at room-temperature and then cooled down. The conta-
mination is measured after a resting time equal to that 
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required for normal observation. A contamination layer 
of water can be recognized by locally etching the water 
away with the focused electron beam.. The contrast 
provided by the hole makes it possible to estimate the 
thickness of the contamination. Especially thin layers can 
be made conspicuous by warming the grid to 140 K. At 
this temperature, the vitreous layer transforms to cubic 
ice which is identified by its powder diffraction pattern 
(Dubochet et al., 1982). 
Section morphology and deformation induced by 
cutting 
During cutting one can already see that cryosections 
are compressed in the cutting direction, since they are 
considerably shorter than the corresponding block face. 
The elliptical deformation of known objects in the 
cryosections confirms that structures are compressed in 
the cutting direction (Fig. 3). This compression is 
related to an increase in section thickness, since the 
section volume cannot be reduced. The longitudinal 
compression therefore implies two superimposed defor-
mation processes: decrease in length in the direction of 
cutting and increase in length perpendicular to the plane 
of the section. One might argue that turbulence occurs 
during cutting and destroys structural aspects of the 
specimen. On the other hand, inter-atomic distances are 
not influenced by such deformation processes. Two 
questions arise: (1) At what resolution is the deformation 
recognizable? (2) Can the degree of deformation be 
predicted and calculated? 
Richter et al. (1991) have described a model of the 
deformation process based on the morphology of cryo-
sections. Typical morphological features of cryosections 
are the deformation lines, i.e., the periodic ribbon-like 
increases in thickness perpendicular to the cutting 
direction (Fig. 3). As most of the knife-marks on 
cryosections are straight, it is concluded that cryo-
sections have two different surfaces; one surface being 
flat and the other undulating or even broken up by the 
deformation lines (Fig. 4). In general, the two surfaces 
of a section are of different origin. When the knife 
separates the cut volume as a section from the specimen 
block, two surfaces are created. The surface on the back 
of the knife belonging to the newly cut section will be 
called "knife face" in the following. The second surface 
in front of the knife belongs to the specimen block. It 
will become the "block face" on top of the following 
section. Stereo views from cryosections showed that the 
flat surface corresponds to the "knife-face" of the section 
and the undulating surface to the "block-face" (Richter, 
1992). During the cutting stroke, the section is deflected 
from its original position by the cutting angle and 
becomes displaced onto the back of the knife. Deflection 
by the knife and friction on the knife back result in a 
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Figure 6 (on facing page): Comparison of two hydrated 
cryosections of mouse liver. Scale bar 1 µm. a. Vitreous 
state: The overall contrast is very low. Especially in the 
nuclear region (N) no internal structure can be seen. C: 
Cytoplasm; L: Lipid droplet; S: Contamination. b. 
Hexagonal frozen state: The hexagonal frozen state is 
indicated by the Bragg reflections (B). Note the phase-
separation network (asterisks): When water freezes to 
ice it separates as a pure substance from the organic 
phase which aggregates in a non-freezable eutectic 
concentration. In this example, phase separation did not 
obscure the cell morphology. However, compacting the 
biological matrix into a fine network improved the 
contrast. Compared with Fig. 6a, the cell compartments 
are much easier discernible. N: Nucleus; C: Cytoplasm; 
M: Mitochondrion; Arrow-head: Nuclear pore; b: Cell 
border. 
shearing stress perpendicular to the cutting direction, and 
a compression force parallel to it. The deformation lines 
may thus be due to material being periodically squeezed 
out from the "block face" of the section. Friction on the 
knife-back keeps the "knife-face" flat. The knife marks 
at this side will be straight, whereas those from the 
"block-face" will be distorted by the deformation of the 
surface. 
The ultrathin section is a thin layer of the specimen. 
It consists of the cut volume and the two surfaces, and 
the micrograph is a two-dimensional projection of this 
three-dimensional structure. It is important to know how 
the structural information available from the micrograph 
can be influenced by cutting. When considering the 
structural information obtainable from the micrograph, 
one must distinguish between surface structures and 
projections of at least part of the volume. Comparison of 
tilted cryosections of catalase crystals has confirmed that 
the visible crystalline arrangement is a projection and 
not a surface-image (Richter, 1994c). Since the crystal-
line pattern is still visible, sectioning does not involve 
mass-displacements that mix up the structures within the 
cut volume (Fig. 5). 
Cutting may break the section into chips that are 
tilted and stuffed together, causing the compression of 
structures in the µm-range, e.g., the lipid droplets. 
Within one chip, the ultrastructure would then still be 
preserved. This model was tested with the cryosectioned 
catalase crystals. The preservation of the crystalline 
order as determined by electron diffraction extended 
further than 3 nm. However, the diffraction patterns also 
revealed, that the crystalline arrangement was different 
from the original orthogonal type. Geometrical recon-
struction of the original unit cell under the assumption, 
that distances are compressed in the cutting direction, 
Electron microscopy of hydrated cryosections 
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revealed a compression of 40 % , the same as for the 
elliptical deformation of lipid-droplets (Richter, 1994c). 
The deformation lines are therefore not "chips" broken 
off from the section plane. 
Another sample, hexagonal liquid crystals of DNA 
(kindly provided by F. Livolant, Universite Paris Sud, 
France), could in contrast provide arguments for the 
chip-model, since the hexagonal arrangement did not 
appear to be compressed in the cutting direction 
(Richter, 1994c). However, the section itself showed the 
usual signs of deformation (presence of deformation 
lines and shortening compared with the size of the 
block). As this crystal is a closed pack of DNA mole-
cules, the crystal planes will not be approached further 
without breaking the molecules. Cutting will therefore 
rather displace single molecules perpendicular to the 
section plane while compression in the direction of 
cutting permanently restores the dense package. 
This leads to the conclusion that no general rule can 
be given for the degree of distortion that cutting induces 
in the different structures which are present in biological 
cells. 
Micrographs of frozen hydrated sections are very 
low in contrast. The nucleus of well prepared, vitreous 
cells, e.g., appears nearly structureless. Only faint 
differences in granularity can sometimes be distin-
guished. One reason is the small difference in mass 
between water and biomolecules (McDowall et al., 
1982). There may, however, be another reason for this 
poor yield of structural information form cryosections. 
Because of the good structural preservation provided by 
cryofixation, the biomolecules are not denatured into an 
aggregation network, but remain finely dispersed as a 
hydrated gel. Accordingly, structures become visible 
when the water freezes to crystalline ice and the organic 
phase aggregates in the eutectic concentration (Fig. 6). 
In order to reveal the structure of hydrated macromolec-
ular complexes by cryoelectron microscopy, very thin 
sections will be required. Here the present "state of the 
art" offers a challenge to those undertaking future 
research in the field of cryoelectron microscopy. 
Beside the interest of high-resolution structure 
determination, another application in electron microsco-
py requires hydrated cryosections. Sun et al. (1995) 
showed, that the low-loss region of electron energy loss 
spectra contains information about the water content of 
the measured specimen region. The spatial resolution for 
these maps of water distribution in the cell is limited to 
80 nm, which is precise enough to differentiate among 
most cellular compartments in eukaryotic cells. 
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Discussion with Reviewer 
B. Andrews: The paper sends a somewhat mixed mes-
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sage regarding the advantages and disadvantages of 
different cryofixation techniques. Thus, it is variously 
mentioned that high-pressure freezing is required for 
vitrification of cells (Abstract), but that plunge freezing 
reproducibly vitrified liver and heart (see also Fig. 1), 
while metal-block freezing is dismissed altogether. 
Perhaps the author could clarify and expand his views, 
particularly with regard to metal-block freezing, which 
has a sound physical basis, and which many other 
laboratories have found to give superior results. 
Author: The advantages of the solid heat sink compared 
with the liquid coolant are the higher heat conductivity, 
the increased heat capacity and the possibility to estab-
lish a temperature gradient which goes to the limits of 
the primary coolant (e.g., liquid helium), whereas the 
liquid can only be cooled down to its freezing tempera-
ture. With these three values an ideal cooling rate can be 
calculated. However, things are not so easy: the inter-
face between the sample and the solid heat-sink may 
sensitively reduce the heat-transfer. This interface is 
very difficult to control for the experiment in question. 
Parameters often discussed in this respect are bouncing 
of the sample and thermal isolating contamination layers 
on the mirror surface. However, the sample will also 
shrink when cooled which may impair an initial neat 
contact with the mirror. 
These interface-problems might better be solved 
with a liquid coolant. With a liquid coolant heat is 
essentially transported by convection, the bad coeffi-
cients for heat conductivity and heat capacity becoming 
less important as long as the flow of coolant around the 
sample is well adjusted, i.e. laminar and rapid. Also this 
condition is difficult to control with the various sample 
si:zes and shapes to be fro:zen. 
The practical approach to this problem is the 
experiment. In my hands, plunge-freezing into liquid 
ethane resulted in a good yield of vitrified liver tissue, 
whereas the same type of sample was not to be vitrified 
by slam-freezing onto a liquid nitrogen cooled copper 
block. 
B. Andrews: The author states that plunge freezing 
vitrification "did not exceed the first cell layer" of liver 
and heart, thus implying a vitrification depth of around 
20 µm. This seems rather optimistic. Please comment. 
Author: To my knowledge, no ambient-pressure cooling 
method is capable to vitrify more than the first cell layer 
of a sample. It has taken long time to show that a 
quantity of pure bulk, liquid water (i.e. no vapor) can be 
cooled to an amorphous state. The crucial insight was, 
that this can be achieved only with really small quanti-
ties: a 1 µm thick layer of pure water cooled simulta-
neously from both sides by plunge freezing is about the 
upper limit that can reproducibly be vitrified with this 
K. Richter 
method (Dubochet and McDowall, 1981). An animal cell 
is one order of magnitude larger in size. However, the 
situation is easier with cells than with pure water. Cell-
water is more or less bound to organic components of 
the cell, what reduces the volume of freezable water. In 
addition, the ice-crystal front stops at cell-membranes 
(e.g., Fig. 1). Hence, within each compartment a new 
germination event must occur to freeze the entire system 
(this holds only for conditions where freezing damage 
does not yet rupture the membranes). 
Freezing of the water in cells generally involves the 
entire compartment, which results in large, highly 
branched crystals of hexagonal ice (Dubochet et al., 
1988). Only in rare cases I could observe a crystalliza-
tion-front within the cytoplasm of a cell, where the 
vitreous state changed first to cubic and then to hexago-
nal ice. The normal case is, that vitreous and hexagonal 
frozen regions are in direct neighborhood, separated by 
a membrane. The growth of an ice-crystal seems to 
provide enough energy to transform already vitrified 
parts of the compartment into ice (Fig. 1), and it is not 
possible to vitrify only part of the cytoplasm of a cell. 
Cryofixation techniques may thus be ranked by the 
number of cell layers they are capable to vitrify (which 
also depends on the type of tissue). 
Measuring the vitreous zone in cross-sections 
through the samples, I found, that plunge-freezing can 
vitrify the first cell-layer of liver tissue (i.e., about 20 
µm), but not the second one. 
B. Andrews: Vitreous and crystalline ice appear to 
cryosection very differently, as can be seen from Figs. 
1 and 3. In particular, it appears (Fig. 1) that vitreous 
specimens are more likely to show abrupt surface 
deformations ("crevasses"). Is this true in general, and 
are there any other important differences between these 
types of specimens regarding sectioning properties, e.g., 
compressibility, strength or continuity of sections and 
ribbons, adhesion to supports, etc.? 
Author: The deformation of the section depends on the 
mechanical properties of the sample, which are not only 
determined by the state of the water, but also by the 
other components of the sample. Sharp deformation lines 
e.g. frequently occur along membranes. In addition, the 
actual section thickness and cutting speed have an 
influence. Larger feed and faster cutting strokes provoke 
more abrupt surface deformations. 
One clear statement can be done concerning the 
state of the water. A crystal cannot be distorted plastical-
ly. Therefore, cutting breaks the large hexagonal ice-
crystals of frozen material into small pieces. This can be 
deduced from the shape of spots in the electron diffrac-
tion patterns (discussed in Richter, 1994c). These spots 
are crescent-shaped, i.e. they are sharp in the direction 
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of reciprocal space, and blurred throughout a small 
angle of directions. As the large crystal not only is 
broken into pieces but the pieces are also tilted within a 
small angular distribution, the spots of a single-crystal 
diffraction pattern smear into crescents reflecting the 
variation in tilt-angle. The small crystal-pieces are 
separated by crevasses which are visible in Fig. 1 as fine 
lines in the frozen part. Lines of this kind are missing in 
the vitreous part. 
B. Andrews: It was surprising to see no diffractograms. 
Does the author not rely on diffraction as a method for 
determining the state of frozen water? 
Author: Electron diffraction is the only objective way to 
demonstrate the state of the water with electron optics. 
Each sample observed was checked by electron diffrac-
tion. However, also morphological criteria can be 
applied to distinguish vitreous from frozen regions on 
bright-field images. Vitreous areas appear optically 
denser than those containing hexagonal ice. Crystalline 
frozen regions have a coarse appearance due to the 
crevasses described above. Fragments of the broken 
crystal oriented such that they diffract beyond the 
objective aperture appear as sharp dark spots on the 
micrograph (Fig. 1, "Bragg reflections"). 
The sample region for electron diffraction is defined 
by the round selected area aperture. In micrographs like 
the one of Fig. 1, it will be difficult to select separately 
crystalline frozen and vitreous regions to obtain the 
diffraction pattern. In this case morphological criteria 
are more convincing. 
B. Andrews: The use of carbon-only films is recom-
mended as supports for cryosections. Can the author 
please provide some details about these films, since it 
would be interesting to know how their thickness and 
method of preparation affect the quality and feasibility 
of imaging frozen-hydrated sections. 
Author: As mentioned in the text, I consider the carbon-
support necessary to reduce beam-induced drift of the 
cryosections. 
The carbon film was produced according to standard 
procedures. Carbon was evaporated from carbon-threads 
in a Balzers table-evaporator at a pressure of Sx 10-5 
mbar, and a distance of about 7 cm to freshly broken 
mica (all from Balzers, Liechtenstein). The thickness of 
the carbon-layer was in the range of 8 to 10 nm. The 
film was cast onto a water surface and descended onto 
submerged 600 mesh copper grids. After air-drying 
during one day the grids were ready to use. 
